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Abstract
Hyperbaric oxygen preconditioning (HBO-PC) can protect the heart from
injury during subsequent ischemia. The presence of high loads of venous gas
emboli (VGE) induced by a rapid ambient pressure reduction on ascent from
diving may cause ischemia and acute heart failure. The aim of this study was
to investigate the effect of diving-induced VGE formation on cardiac stress
marker levels and the cardioprotective effect of HBO-PC. To induce high
loads of VGE, 63 female Sprague–Dawley rats were subjected to a rapid ambi-
ent pressure reduction from a simulated saturation dive (50 min at 709 kPa)
in a pressure chamber. VGE loads were measured for 60 min in anesthetized
animals by the use of ultrasonography. The animals were divided into five
groups. Three groups were exposed to either diving or to HBO-PC (100%
oxygen, 38 min at 303 kPa) with a 45 or 180 min interval between HBO-PC
and diving. Two additional groups were used as baseline controls for the mea-
surements; one group was exposed to equal handling except for HBO-PC and
diving, and the other group was completely unexposed. Diving caused high
loads of VGE, as well as elevated levels of the cardiac stress markers, cardiac
troponin T (cTnT), natriuretic peptide precursor B (Nppb), and aB-crystallin,
in blood and cardiac tissue. There were strong positive correlations between
VGE loads and stress marker levels after diving, and HBO-PC appeared to
have a cardioprotective effect, as indicated by the lower levels of stress marker
expression after diving-induced VGE formation.
Introduction
The formation of gas emboli as a result of a reduction in
ambient pressure (decompression) is a major cause of
injury associated with diving (Vann et al. 2011). High
loads of decompression-induced venous gas emboli
(VGE) may result in cardiorespiratory decompression
illness (DCI) with cough, dyspnea, pulmonary edema,
shock and in the most severe cases, fatal outcome. Circu-
lating VGE is effectively trapped in the lungs, and may
cause increased pulmonary artery pressure, cardiac
overload, and heart failure (Muth and Shank 2000).
Moreover, blood perfusion and pulmonary gas exchange
are impaired, and the arterial partial pressure of oxygen
decreases relative to the increased number of VGE, result-
ing in hypoxia with subsequent cardiac ischemia and cell
death (Butler and Hills 1985; Vik et al. 1990).
The phenomenon of preconditioning, in which a period
of sublethal cardiac stress can protect the heart against
injury during a subsequent ischemic insult, has been the
subject of intense research over the last two decades (Yellon
and Downey 2003). Hyperbaric oxygen (HBO), which has
ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.
This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
2013 | Vol. 1 | Iss. 6 | e00169
Page 1
Physiological Reports ISSN 2051-817X
been used as a preconditioning stimulus prior to ischemia,
has been shown to provide wide-scale cardioprotective
effects (Cabigas et al. 2006; Yogaratnam et al. 2010). HBO
preconditioning (HBO-PC) in rats exposed to simulated
diving has recently shown promising results in reducing
the incidence, severity, and complications of DCI (Martin
and Thom 2002; Butler et al. 2006; Katsenelson et al. 2009;
Fan et al. 2010; Ni et al. 2013). However, the potential
cardioprotective effects of HBO-PC in relationship with
gas emboli formation have not yet been investigated.
In this study, rats were exposed to a simulated dive fol-
lowed by severe decompression stress inducing high loads
of VGE. First, we aimed to investigate whether a simu-
lated dive with subsequent VGE formation would lead to
increased levels of cardiac stress markers indicating car-
diac stress and injury, and second, investigate the effect of
HBO-PC on these markers. Three different cardiac stress
markers in rat serum and cardiac tissue were selected;
serum cardiac troponin T (cTnT), a biomarker of cardiac
injury (Thygesen et al. 2012); cardiac gene expression of
the natriuretic peptide precursor B (Nppb), which is a bi-
omarker of acute heart failure (Nakagawa et al. 1995;
Braunwald 2008); and the cardiac gene and protein
expression of aB-crystallin, a small heat shock protein
with a key role in protecting the heart from injury
(Latchman 2001; Whittaker et al. 2009; Christians et al.
2012). We hypothesized that high loads of VGE from
simulated diving would result in an elevation of these
cardiac stress markers (cTnT, Nppb, and aB-crystallin).
We further hypothesized that HBO-PC would protect the
heart from diving-induced VGE formation, resulting in
lower levels of these stress markers.
Material and Methods
Ethical approval
The experimental protocols were approved by the Norwe-
gian Committee for Animal Experiments, and were per-
formed according to the Guide for the Care and Use of
Laboratory Animals published by the Directive 2010/63/
EU of the European Parliament.
Experimental animals
A total of 63 adult female Sprague–Dawley rats (Taconic,
Ry, Denmark), 285  17 g (SD), were randomly assigned
to five groups:
(I) Simulated diving, n = 12
(II) HBO-PC followed by a 45 min normobaric air inter-
val between HBO-PC and simulated diving
(HBO45), n = 12
(III) HBO-PC followed by a 180 min normobaric air
interval between HBO-PC and simulated diving
(HBO180), n = 12
(IV) No diving, n = 18
(V) Unexposed, n = 9.
Groups I to IV were observed in anesthesia for 60 min
after diving (gr. I–III) or no diving (gr. IV). Groups IV
and V served as two different control groups. Group IV
assessed the potential effect of anesthesia and handling
without diving, and Group V was not exposed to anything
(i.e., diving, chamber exposure, handling, or anesthesia).
All the animals were housed in groups of three per cage in
an animal facility. Light was controlled on a 12:12-h light-
dark cycle at a room temperature of 21.0  0.9°C (SD)
and humidity 51  9% (SD). The animals had free access
to water and were placed on a pellet rodent diet.
HBO preconditioning
Animals in Groups II (HBO45) and III (HBO180) were
exposed to 100% oxygen for 5 min at normobaric pres-
sure (101 kPa) in a pressure chamber, followed by an
increase in ambient pressure (compression) at a rate of
200 kPa min1–303 kPa. The animals were kept at that
pressure for 38 min while breathing 100% oxygen.
Because HBO exposure results in elimination of nitrogen
gas (N2) from tissues (Foster and Butler 2009), the ani-
mals were exposed to air at the same ambient pressure
(303 kPa) for 7 min immediately after the HBO exposure.
According to the exponential model proposed by Foster
et al. (1998), and using a critical tissue half-time (whole
rat) of 10 min (Lillo and Parker 2000), this would cause
N2 tissue tensions to differ ≤0.7 kPa between the groups
prior to the dive. The rats were then decompressed at a
rate of 200 kPa min1 back to 101 kPa. The animals in
the HBO45 and HBO180 groups were allowed to rest in
their cages, breathing normobaric air, for 45 and 180
min, respectively, before simulated diving. The diving
(gr. I) and nondiving (gr. IV) groups were exposed to nor-
mobaric air in a similar chamber at the same time, whereas
the HBO45 and HBO180 animals were exposed to HBO.
Simulated diving and VGE detection
The animals were compressed with air in a pressure
chamber at a rate of 200 kPa min1 from 101 to
709 kPa, breathing hyperbaric air for 50 min to obtain
tissue saturation (Lillo and Parker 2000), and then
decompressed linearly back to 101 kPa at a rate of
50 kPa min1. Immediately after diving, the animals were
anesthetized with a mixture of; midazolam
0.5 mg 100 g1, fentanyl 5 lg 100 g1, and haloperidol
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0.33 mg 100 g1, which was administered as one bolus
subcutaneous injection. The pulmonary artery and
ascending aorta were insonated for 60 min using a
10 MHz transducer connected to a GE Vingmed Vivid 5
scanner. Gas emboli appeared in the pulmonary artery
and aorta as bright spots and were recorded for 1 min at
discrete time points (15, 30, and 60 min). The data were
stored and played back in slow motion for analysis, in
which the images were then graded (scan grade 0–5)
according to a previously described method by an obser-
ver blinded to the experimental condition of the rats
(Eftedal and Brubakk 1997). Scan grades were converted
to the number of embolicm2heart cycle1 as previously
described by Nishi et al. (2003). Animals that did not
survive the 60 min postdive observation period due to
severe DCI were excluded from further analysis. Animals
in Groups I–IV were handled equally except for the dif-
ferences in pressure profiles and breathing gas composi-
tions.
Serum cTnT analysis
After the 60 min postdive observation period, the abdo-
men was opened and blood from the abdominal aorta
was collected into serum tubes. The serum used for the
cTnT measurements was prepared by centrifugation at
10,000 rpm at 4°C after blood collection. A high-sensitiv-
ity cTnT assay (hs-cTnT; Roche Modular System E,
Roche Diagnostics GmbH, Mannheim, Germany) was
used to detect an elevation in cTnT (Giannitsis et al.
2010). This assay permitted the measurement of concen-
trations ≥10 ng L1 (Omland et al. 2009).
Preparation of myocardial tissue for mRNA
and protein analysis
Immediately after blood sampling, the thoracic cavity was
opened and approximately 50 mg of myocardial tissue
sections of the right and left ventricle were rapidly excised
and rinsed in RNAlater buffer solution (Ambion Inc.,
Austin, TX). The tissue was then transferred to 1.5 mL
fresh RNAlater and kept at room temperature for up to
4 h before storage at 80°C. To prepare the lysates for
mRNA and protein analysis, the myocardial tissue was
thawed at room temperature, weighed and then trans-
ferred into 5 mL round-bottom polystyrene tubes con-
taining 10 volumes per tissue weight (lL mg1) of
RNeasy Fibrous Tissue lysis buffer (Qiagen, Valencia, CA)
and was mechanically disrupted using an UltraTurrax
rotor/stator (IKA Werke GmbH & Co., Staufen,
Germany) until completely homogenized. The lysate was
split into two equal volumes: one part was used for real-
time reverse transcription polymerase chain reaction
(qRT-PCR) analysis, where the total RNA was extracted
on a Qiacube nucleic acid extractor using the RNeasy
Fibrous Tissue mini kit (Qiagen) according to the manu-
facturer’s recommendations; and the other part was used
for western blotting analysis, where 1% protease inhibitor
solution (Qiagen) was added into the lysate, and the sam-
ple was precipitated by adding an equal volume of 10%
ice-cold TCA followed by incubation on ice for 20 min.
After centrifugation (16000 g), the protein pellet was
washed with 100% ethanol and then resuspended in
150 lL loading buffer (Invitrogen, Carlsbad, CA).
Nppb and aB-crystallin gene expression
Prior to the analysis, the total RNA concentration and
purity was determined using a NanoDrop 2000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE)
(Schroeder et al. 2006). The mRNA expression levels of
the genes encoding for the natriuretic peptide precursor B
(Nppb) as well as the small heat-shock protein, aB-crystal-
lin, were analyzed in the left and right cardiac ventricles
for each of the five treatment groups (n = 6–8 from each
group by random selection) with qRT-PCR using Qiagen
QuantiFast FAM-labeled target probe assays with the
QuantiFast Probe RT-PCR Plus kit (Qiagen) in a one-step
qRT-PCR normalized against MAX-labeled Hprt. The
PCR was run on a C1000 thermal cycler (Bio-Rad, Pleas-
anton, CA) with a CFX96 Optical Reaction Module and
analyzed on the CFX Manager Software version 2.0 using
the DDCT method in which the relative quantity of the
target genes was normalized against the relative quantity
of the control across the samples (Livak and Schmittgen
2001).
aB-crystallin protein expression
Resuspended protein lysates from each of the five treat-
ment groups (n = 5 from each group by random selec-
tion) were analyzed using 1D polyacrylamide gel
electrophoresis in 10% NuPage Novex Bis-Tris gels (Invi-
trogen) in one (3-(N-morpholino) propanesulfonic acid)
electrophoresis buffer. The gels were run at the same time
before they were electroblotted onto nitrocellulose mem-
branes and blocked for 1 h in 5% fat-free dry milk
diluted in phosphate-buffered saline (PBS) + 0.1% Tween
(PBST). The membranes were first incubated together
with primary antibody against aB-crystallin (ADI-SPA-
222; Enzo Life Sciences, Farmingdale, NY) for 1 h in
blocking buffer, washed for 3 9 10 min in PBST, further
incubated for 1 h in a secondary IRDye-conjugated anti-
body in PBST and finally washed 3 9 10 min in PBST
and 1 9 10 min in PBS. As a loading control, the mem-
branes were then treated with an antibody against b-
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tubulin (AB6046; AbCam, Cambridge, MA). All mem-
branes were probed with the same batch of b-tubulin
control to ensure that the protein quantification was
equally performed across all samples and gels. The fluo-
rescence signals were detected using an Odyssey scanner
(Li-Cor Biosciences, Lincoln, NE) and the signal intensi-
ties and relative protein quantification were calculated
using Image Studio 2.0 (Li-Cor Biosciences).
Statistical analysis
The data were expressed as the median with ranges or as
the mean  SEM. We employed nonparametric tests due
to the limited number of rats. The Mann–Whitney U-test
and Kruskal–Wallis test were used to evaluate the differ-
ences in VGE loads and the cardiac stress markers, cTnT,
Nppb, and aB-crystallin, between the groups. Fisher’s
exact test was used to evaluate the ratio of animals in
each group, and the ratio of animals with low (grades
0–3) or high (grades 4–5) bubble grades, that had cTnT
values above the detection limit. Selected bivariate rela-
tionships were examined using Spearman’s rank correla-
tion test. P < 0.05 was considered statistically significant.
On the basis of the estimates obtained from previous
studies (Wisloff and Brubakk 2001; Wisloff et al. 2004),
12 rats in each of the three diving groups would provide
a power of 0.86.
Results
VGE loads detected by ultrasonography
The diving protocol resulted in a 25% mortality rate in
all the animal groups during the first hour after diving.
The animals that died had massive amounts of VGE with
a scan grade 5 (on a scale from 0 to 5) or ~10 embol-
icm2heart cycle1. HBO-PC had no effect on VGE for-
mation, which was measured as the maximum amount of
embolicm2heart cycle1 (Dive: 3.9, HBO45: 4.1,
HBO180: 4.4, P = 0.92, n = 12 in each group, Fig. 1). No
gas emboli were detected in the ascending aorta of any of
the animals that survived the observation period.
Serum cTnT levels
Animals exposed to simulated diving (gr. I) demonstrated
significantly higher levels of serum cTnT compared to
the nondiving (gr. IV, P = 0.02), unexposed (gr. V,
P = 0.0007) and HBO180 (gr. III, P = 0.01) animals, but
were not different from the HBO45 (gr. II) animals
(Fig. 2). A significantly higher percentage (80%) of non–
preconditioned diving animals (gr. I) showed elevated
cTnT levels (above the detection limit) compared to the
preconditioned HBO180 (13%, P = 0.02) and unexposed
animals (0%, P = 0.0007). There was a positive correla-
tion between the amount of cTnT and VGE in all the div-
ing animals (rs = 0.66, P = 0.0002).
Preconditioned animals appeared to tolerate higher
VGE loads compared to non–preconditioned animals. For
Figure 1. The maximum number of venous gas emboli (VGE) in
the pulmonary artery after diving, which was measured as
embolicm2heart cycle1, did not differ between the three groups
of diving rats (n = 12 in each group). HBO45/HBO180: hyperbaric
oxygen preconditioning (HBO-PC) followed by a 45 or 180 min rest
interval between HBO-PC and diving. The data are presented as the
means  SEM.
Figure 2. Hyperbaric oxygen preconditioning resulted in reduced
postdiving serum cardiac troponin T levels. Serum cardiac troponin
T (cTnT) levels (ng L1) were higher in the diving (n = 10)
compared to the HBO180 (n = 7), nondiving (n = 18) and
unexposed (n = 9) animals, but were not different from the HBO45
(n = 9) animals. The cTnT level in the animals with values below
the detection limit (10 ng L1) was established at 9 ng L1. The
data are presented as the median  interquartile range. All the
animals were handled equally and differed only in the pressure and
breathing gas exposures, except for the unexposed animals, which
were kept shielded in their cages until further blood sampling.
HBO45/HBO180: hyperbaric oxygen preconditioning (HBO-PC)
followed by a 45 or 180 min rest interval between HBO-PC and
diving. *P < 0.05, **P < 0.001 significantly different from the
diving animals.
2013 | Vol. 1 | Iss. 6 | e00169
Page 4
ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.
HBO-PC Prevents Gas Emboli-induced Cardiac Injury A. Jørgensen et al.
example, in animals with a scan grade of less than 4
(n = 18), elevated cTnT levels were found in only 1/12 of
the preconditioned animals in contrast to 4/6 of the non–
preconditioned animals (P = 0.02). All the animals with a
scan grade ≥4 (n = 9) demonstrated elevated levels of
cTnT.
Cardiac Nppb gene expression
The diving animals (gr. I), HBO45 (gr. II), and HBO180
(gr. III) showed a 2.0-fold (P = 0.02), 1.7-fold (P = 0.01),
and 1.5-fold (P = 0.03) increase in Nppb expression in the
left ventricle compared to the unexposed animals (gr. V),
respectively (Fig. 3). No differences in Nppb expression
were observed between the nondiving (gr. IV) and unex-
posed animals. Nppb expression levels were positively cor-
related with cTnT (left ventricle: rs = 0.65, P = 0.00001,
right ventricle: rs = 0.38, P = 0.02) and VGE (left ventri-
cle: rs = 0.44, P = 0.04, right ventricle: rs = 0.47,
P = 0.02).
aB-crystallin gene and protein expression
None of the groups showed altered levels of aB-crystallin
mRNA expression in cardiac tissue after simulated diving.
However, the relative protein level of aB-crystallin in the
non–preconditioned diving animals (gr. I) was increased
by 4.0-fold, 6.9-fold, and 12.6-fold in the right ventricle
compared to the HBO180 preconditioning (gr. III,
P = 0.02), nondiving (gr. IV, P < 0.01) and unexposed
animals (gr. V, P < 0.01, Fig. 4). In addition, aB-crystal-
lin in the right ventricle was positively correlated with
cTnT (rs = 0.72, P = 0.00005).
Discussion
The primary findings of this study were that strenuous
simulated diving with subsequent VGE formation resulted
in increased levels of cardiac stress marker expression
(cTnT, Nppb, and aB-crystallin) in rat serum and cardiac
tissue. Moreover, HBO-PC prior to the dive appeared to
provide cardioprotection, as indicated by the lower
expression levels of these stress markers. The HBO-PC
effect was more pronounced when there was a longer
(180 min compared to 45 min) interval between HBO-
PC and diving. In addition, a strong positive correlation
was found between the amount of VGE and stress marker
levels in the serum and cardiac tissue.
Figure 3. Cardiac tissue level of brain natriuretic peptide precursor
(Nppb) was increased after simulated diving. Nppb mRNA
expression was increased in the left cardiac ventricle in all the
diving animal groups compared to unexposed animals. Differences
were shown as the relative fold expression compared to the control
gene Hprt. All the animals were handled equally and differed only
in the pressure and breathing gas exposures, except for the
unexposed animals, which were kept shielded in their cages until
further tissue sampling. HBO45/HBO180: hyperbaric oxygen
preconditioning (HBO-PC) followed by a 45 or 180 min rest interval
between HBO-PC and diving. Values were expressed as the
means  SEM, n = 6–8 in all groups. *P < 0.05 significantly
different from the unexposed animals.
Figure 4. Hyperbaric oxygen preconditioning (HBO-PC) resulted in
reduced postdiving cardiac aB-crystallin protein levels. Relative
protein levels of aB-crystallin in the right cardiac ventricle of diving
animals were increased compared to HBO180, nondiving and
unexposed animals. The differences were shown as the relative
protein quantity compared to the b-tubulin control. For each group,
a representative western blot from one animal is shown. All the
animals were handled equally and differed only in the pressure and
breathing gas exposures, except for the unexposed animals, which
were kept shielded in their cages until further tissue sampling.
HBO45/HBO180: HBO-PC followed by a 45 or 180 min rest interval
between HBO-PC and diving. Values were expressed as the
means  SEM, n = 5 in all groups. *P < 0.05, **P < 0.01
significantly different from the diving group.
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Elevated serum levels of cTnT induced by simulated
diving were positively correlated with VGE loads. Cardiac
troponins are components of the contractile apparatus in
cardiomyocytes and demonstrate nearly absolute cardiac
tissue specificity and high clinical sensitivity (Omland
et al. 2009; Thygesen et al. 2012), and are the preferred
biomarkers for the diagnosis of cardiac injury. Thus, our
findings indicated that VGE formation after diving
induced cardiac injury. The diving protocol resulted in a
25% mortality rate due to the massive amounts of VGE
(scan grade 5), and all the surviving animals with a scan
grade ≥4 showed elevated cTnT levels. Experiments by
Butler and Hills (1985) and Vik et al. (1990) demon-
strated a proportional relationship between VGE loads
and impeded gas exchange with systemic hypoxia and
cardiac overload. These previous findings and the increase
in cardiac stress markers in this study, indicate that the
diving protocol induced severe decompression stress with
cardiorespiratory DCI. However, in the rats that died,
there may of course have been injuries to other organ sys-
tems (e.g., brain and spinal cord) that contributed to the
cause of death. However, in surviving rats no gas emboli
were detected in the systemic circulation; injuries to other
organ systems than the cardiopulmonary are therefore less
likely. Cardiorespiratory manifestations of DCI are rare
and have been reported to occur in approximately 2–6%
of recreational diving accidents (Francis and Mitchell
2003a; Vann et al. 2011). Such manifestations only occur
after highly provocative dives and represent a lethal form
of DCI. If not treated immediately, acute heart failure
may progress into cardiorespiratory collapse and death
(Francis and Mitchell 2003a). Currently, there have been
no published controlled diving studies of troponin release
in animals or humans, but elevated troponins due to
diving has been previously described in a case report
(Chenaitia et al. 2010). Thus, this is the first study to
demonstrate an association between gas emboli formation
and troponin release after diving.
HBO-PC 180 min prior to simulated diving resulted
in lower cTnT levels compared to non–preconditioned
diving animals (Fig. 2) despite no differences observed in
the VGE loads (Fig. 1). Thus, it appears that HBO-PC
protects the heart against injury from decompression-
induced VGE. This novel observation was consistent with
the findings obtained by Martin and Thom (2002) and
Butler et al. (2006), who demonstrated that similar
HBO-PC protocols prior to simulated diving protected
rats against severe decompression stress without reducing
gas emboli formation. Martin and Thom found that
HBO-PC reduced DCI manifestations from the central
nervous system, and Butler et al. (2006) showed that
HBO-PC resulted in less overall signs of DCI compared
to control animals, and demonstrated lower levels of
inflammatory markers in the blood, lungs, and urine
after the dive.
In this study, two of the animals in the HBO45 group
exhibited very high VGE loads (scan grade 4 and 5)
throughout the entire 60 min postdiving observation per-
iod. These two rats had the highest cTnT levels measured,
which may explain why the HBO45 group did not result
in statistically significant lower levels of serum cTnT com-
pared to the diving group. In the animals with low-to-
moderate VGE loads (scan grade 0–3), significantly more
animals showed elevated cTnT levels in the non–precon-
ditioned group (67%) compared to the preconditioned
groups (8%). However, all the animals with high VGE
loads (scan grade 4 or 5) exhibited elevated cTnT levels.
Thus, HBO exposure appeared to protect the heart
against low-to-moderate loads of VGE; however, this pro-
tective effect was not evident when the VGE loads were
high.
Nppb expression in the left ventricle was increased in
all the diving groups compared to control animals
(Fig. 3), and this increase was associated with increased
cTnT and VGE levels. Nppb mRNA encodes for BNP and
is a well-established biomarker of acute heart failure
(Braunwald 2008). This natriuretic peptide is synthesized
and released by cardiomyocytes in response to hemody-
namic stress when the ventricles are subject to increased
wall tension. The action of this peptide functions to
oppose the physiological abnormalities that occur during
cardiac overload and acute heart failure. It is shown that
the expression of Nppb is increased within 1 h in
response to cardiac overload (Nakagawa et al. 1995).
Thus, the increase in Nppb expression in the left cardiac
wall after simulated diving in this study indicated that the
heart was exposed to increased wall tension and cardiac
overload. During and after decompression, VGE is
thought to form or grow on the endothelial surface in
peripheral tissues until they are swept away by the blood-
stream and trapped in the small vessels of the pulmonary
circulation (Stepanek and Webb 2008). In animal studies,
VGE trapped in the lungs caused increased pulmonary
artery pressure, which may result in cardiac overload and
heart failure (Bove et al. 1974; Vik et al. 1990). Although,
this phenomenon has not been shown in human studies
(Valic et al. 2005), observations after highly provocative
dives with severe cardiorespiratory DCI indicated that
heart failure and cardiac arrest may occur due to a mas-
sive VGE load in the pulmonary vascular bed (Muth and
Shank 2000; Francis and Mitchell 2003b).
The elevation of cardiac stress markers in this study
reflected VGE-induced cardiac stress and injury but pro-
vided no indication of the mechanisms behind this eleva-
tion. However, it is well known that cardiac ischemia,
pulmonary embolism, and acute heart failure may all
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result in elevated cTnT and BNP levels (Giannitsis et al.
2000, 2010; Thygesen et al. 2012). Additional measure-
ments of cardiopulmonary hemodynamics (e.g., pulmo-
nary artery pressure and arterial oxygenation) in this
study, could have added further information about the
mechanisms.
The concept of cardiac preconditioning has been
extensively studied (Hausenloy and Yellon 2011), and
HBO-PC is one strategy used to induce cardiac protec-
tion. Exposure to HBO is thought to induce a cardiac
stress response of a reduced intensity that initiates car-
dioprotective responses, thereby reducing the damage
caused by subsequent, more severe stress. The functional
basis for the protective effects of HBO preconditioning is
only partially understood. Protective mechanisms of
HBO involve increased oxidative stress, which induces
heat-shock proteins, nitric oxide production, antioxidant
enzymes, and modulates inflammatory responses (Nishiz-
awa et al. 1999; Martin and Thom 2002; Cabigas et al.
2006; Thom 2009; Christians et al. 2012). In this study
we investigated the effect of HBO preconditioning on
the small heat-shock protein aB-crystallin, which inter-
acts with cardiac proteins and is likely to play a key role
in protecting the heart from cardiac overload and ische-
mia (Martin et al. 1997; Latchman 2001; Kumarapeli
et al. 2008; Christians et al. 2012). aB-crystallin can pro-
tect the heart against various stresses by binding to and
stabilizing cytoskeletal structures. In addition, aB-crystal-
lin exhibits antiapoptotic and immunomodulatory prop-
erties, and administration of aB-crystallin is likely to
diminish the extent and severity of ischemic lesions,
including cardiac infarction, stroke, and arterial occlu-
sion (Ousman et al. 2007; Arac et al. 2011). We found
that aB-crystallin protein levels were increased in cardiac
tissue after diving, and that HBO-PC rats displayed
lower aB-crystallin levels compared to non–precondi-
tioned rats. Thus, the high aB-crystallin levels in the
heart after diving, may reflect that the heart have been
exposed to a high level of diving-induced stress. Further-
more, the significantly lower aB-crystallin levels after
HBO-PC and diving may reflect that HBO-PC induced a
mild stress to the heart activating the cardioprotective
properties of aB-crystallin. The activation of aB-crystallin
prior to the dive could probably have prevented a sub-
sequent higher increase in aB-crystallin levels after div-
ing, because the heart was already preconditioned against
the stress from diving. However, aB-crystallin mRNA
expression levels were not significantly affected by HBO-
PC or simulated diving. Therefore, the increased levels of
aB-crystallin in response to diving are most likely initi-
ated by protein stabilization and/or activation rather
than by de novo transcription. On the basis of previous
and present findings, it is likely that aB-crystallin plays a
central role in protecting the heart against the injury
from diving-induced VGE.
A limitation of this study was that the aB-crystallin
protein samples from different groups were run on differ-
ent membranes, and caution should therefore be used
when interpreting this data.
In this study, cardiac stress markers were positively cor-
related with VGE. However, a recent study has shown
that even presumably safe dives with few VGE and no
DCI symptoms were associated with significant cardiac
strain and increased levels of BNP (Marinovic et al.
2010). Grassi et al. (2009) showed that a water dive that
was considered safe resulted in increased plasma BNP lev-
els and that the same dive simulated in a dry hyperbaric
chamber did not affect BNP levels. While underwater,
divers are exposed to immersion resulting in significant
hemodynamic changes (Pendergast and Lundgren 2009).
When investigating how decompression-induced VGE
formation affects the cardiovascular system, factors
known to affect hemodynamics must be controlled. Simu-
lated diving in a dry pressure chamber, such as the one
used in this study, will eliminate the hemodynamic effects
of immersion, enabling the differentiation between the
effects of immersion and VGE on the cardiovascular sys-
tem. However, a limitation of chamber diving is that dry
diving is not the same as water diving with regards to
cardiorespiratory stress.
HBO exposure is the main treatment of gas embolism
and DCI after diving (Vann et al. 2011); however, vascu-
lar gas embolization can also result from a reduction in
ambient pressure in caisson work, aviation, extravehicular
activity during spaceflight or escape from pressurized ves-
sels (Gennser and Blogg 2008; Vann et al. 2011), as well
as from gas entry into the vasculature during inhospital
procedures, for example, cardiac surgery with extracorpo-
real bypass and through central venous and hemodialysis
catheters (Tibbles and Edelsberg 1996; Muth and Shank
2000). Thus, the implication of this study is that HBO
may not only be used in the treatment of DCI after div-
ing but also in a prophylactic manner to prevent DCI
and/or injury due to vascular gas embolization during
inhospital procedures. However, whether these novel find-
ings can be translated into humans requires further inves-
tigation. A better understanding of HBO-PC mechanisms
is important because it will facilitate preventive measures
that will increase the safety of persons in risk of vascular
gas embolization.
In conclusion, we found that the cardiac stress mark-
ers, cTnT, Nppb, and aB-crystallin, are elevated in rat
serum and cardiac tissue after inducing high loads of
VGE from simulated diving, and that there is a strong
positive correlation between stress marker levels and post-
dive VGE loads. We have further shown that HBO-PC
ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.
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may prevent cardiac injury induced by gas embolism, as
indicated by the reduced levels of these cardiac stress
markers.
Acknowledgments
We thank the Proteomics and Metabolomics Core Facility
(PROMEC) at NTNU, which is supported in part by the
Faculty of Medicine and the Central Norway Regional
Health Authority, the Department of Clinical Chemistry
at St. Olavs University Hospital. We also thank Marianne
B. Havnes, Toril Rolfseng, and Arnfinn Sira for their
excellent technical assistance.
Conflicts of Interest
None declared.
References
Arac, A., S. E. Brownell, J. B. Rothbard, C. Chen, R. M. Ko,
M. P. Pereira, et al. 2011. Systemic augmentation of {alpha}
B-crystallin provides therapeutic benefit twelve hours
post-stroke onset via immune modulation. Proc. Natl. Acad.
Sci. USA 108:13287–13292.
Bove, A. A., J. M. Hallenbeck, and D. H. Elliott. 1974.
Circulatory responses to venous air embolism and
decompression sickness in dogs. Undersea Biomed. Res.
1:207–220.
Braunwald, E. 2008. Biomarkers in heart failure. N. Engl.
J. Med. 358:2148–2159.
Butler, B. D., and B. A. Hills. 1985. Transpulmonary passage
of venous air emboli. J. Appl. Physiol. 59:543–547.
Butler, B. D., T. Little, V. Cogan, and M. Powell. 2006.
Hyperbaric oxygen pre-breathe modifies the outcome of
decompression sickness. Undersea Hyperb. Med. 33:
407–417.
Cabigas, B. P., J. Su, W. Hutchins, Y. Shi, R. B. Schaefer,
R. F. Recinos, et al. 2006. Hyperoxic and
hyperbaric-induced cardioprotection: role of nitric oxide
synthase 3. Cardiovasc. Res. 72:143–151.
Chenaitia, H., M. Coullange, L. Benhamou, and P. Gerbeaux.
2010. Takotsubo cardiomyopathy associated with diving.
Eur. J. Emerg. Med. 17:103–106.
Christians, E. S., T. Ishiwata, and I. J. Benjamin. 2012. Small
heat shock proteins in redox metabolism: implications for
cardiovascular diseases. Int. J. Biochem. Cell Biol. 44:1632–
1645.
Eftedal, O., and A. O. Brubakk. 1997. Agreement between
trained and untrained observers in grading intravascular
bubble signals in ultrasonic images. Undersea Hyperb. Med.
24:293–299.
Fan, D. F., K. Liu, W. G. Xu, R. J. Zhang, Y. Liu, Z. M. Kang,
et al. 2010. Hyperbaric oxygen preconditioning reduces the
incidence of decompression sickness in rats via nitric oxide.
Undersea Hyperb. Med. 37:173–180.
Foster, P. P., and B. D. Butler. 2009. Decompression to
altitude: assumptions, experimental evidence, and future
directions. J. Appl. Physiol. 106:678–690.
Foster, P. P., J. Conkin, M. R. Powell, J. M. Waligora, and
R. S. Chhikara. 1998. Role of metabolic gases in bubble
formation during hypobaric exposures. J. Appl. Physiol.
84:1088–1095.
Francis, J. R., and S. J. Mitchell. 2003a. Manifestations of
decompression disorders. Pp. 578–599 in A. O. Brubakk,
T. S. Neuman, eds. Physiolgy and medicine of diving. 5th
ed. Saunders, Bodmin, U.K.
Francis, J. R., and S. J. Mitchell. 2003b. Pathophysiology of
decompression sickness. Pp. 530–556 in A. O. Brubakk,
T. S. Neuman, eds. Physiolgy and medicine of diving. 5th
ed. Saunders, Bodmin, U.K.
Gennser, M., and S. L. Blogg. 2008. Oxygen or carbogen
breathing before simulated submarine escape. J. Appl.
Physiol. 104:50–56.
Giannitsis, E., M. Muller-Bardorff, V. Kurowski,
B. Weidtmann, U. Wiegand, M. Kampmann, et al. 2000.
Independent prognostic value of cardiac troponin T in
patients with confirmed pulmonary embolism. Circulation
102:211–217.
Giannitsis, E., K. Kurz, K. Hallermayer, J. Jarausch, A. S. Jaffe,
and H. A. Katus. 2010. Analytical validation of a
high-sensitivity cardiac troponin T assay. Clin. Chem.
56:254–261.
Grassi, P., E. Stenner, A. Rinaldi, G. Delbello, C. Piccinini,
A. Bussani, et al. 2009. B-type natriuretic peptide after
open-water and hyperbaric chamber exposure to 10 msw.
Aviat. Space Environ. Med. 80:716–719.
Hausenloy, D. J., and D. M. Yellon. 2011. The therapeutic
potential of ischemic conditioning: an update. Nat. Rev.
Cardiol. 8:619–629.
Katsenelson, K., R. Arieli, Y. Arieli, A. Abramovich,
M. Feinsod, and D. Tal. 2009. Hyperbaric oxygen
pretreatment according to the gas micronuclei denucleation
hypothesis reduces neurologic deficit in decompression
sickness in rats. J. Appl. Physiol. 107:558–563.
Kumarapeli, A. R., H. Su, W. Huang, M. Tang, H. Zheng,
K. M. Horak, et al. 2008. Alpha B-crystallin suppresses
pressure overload cardiac hypertrophy. Circ. Res. 103:
1473–1482.
Latchman, D. S. 2001. Heat shock proteins and cardiac
protection. Cardiovasc. Res. 51:637–646.
Lillo, R. S., and E. C. Parker. 2000. Mixed-gas model for
predicting decompression sickness in rats. J. Appl. Physiol.
89:2107–2116.
Livak, K. J., and T. D. Schmittgen. 2001. Analysis of relative
gene expression data using real-time quantitative PCR and
the 2DDCT method. Methods 25:402–408.
2013 | Vol. 1 | Iss. 6 | e00169
Page 8
ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.
HBO-PC Prevents Gas Emboli-induced Cardiac Injury A. Jørgensen et al.
Marinovic, J., M. Ljubkovic, A. Obad, T. Breskovic,
I. Salamunic, P. J. Denoble, et al. 2010. Assessment of
extravascular lung water and cardiac function in trimix
SCUBA diving. Med. Sci. Sports Exerc. 42:1054–1061.
Martin, J. D., and S. R. Thom. 2002. Vascular leukocyte
sequestration in decompression sickness and prophylactic
hyperbaric oxygen therapy in rats. Aviat. Space Environ.
Med. 73:565–569.
Martin, J. L., R. Mestril, R. Hilal-Dandan, L. L. Brunton, and
W. H. Dillmann. 1997. Small heat shock proteins and
protection against ischemic injury in cardiac myocytes.
Circulation 96:4343–4348.
Muth, C. M., and E. S. Shank. 2000. Gas embolism. N. Engl.
J. Med. 342:476–482.
Nakagawa, O., Y. Ogawa, H. Itoh, S. Suga, Y. Komatsu,
I. Kishimoto, et al. 1995. Rapid transcriptional activation
and early mRNA turnover of brain natriuretic peptide in
cardiocyte hypertrophy. Evidence for brain natriuretic
peptide as an “emergency” cardiac hormone against
ventricular overload. J. Clin. Invest. 96:1280–1287.
Ni, X. X., M. Ni, D. F. Fan, Q. Sun, Z. M. Kang, Z. Y. Cai,
et al. 2013. Heat-shock protein 70 is involved in hyperbaric
oxygen preconditioning on decompression sickness in rats.
Exp. Biol. Med. (Maywood) 238:12–22.
Nishi, R. Y., A. O. Brubakk, and O. Eftedal. 2003. Bubble
detection. Pp. 501–529 in A. O. Brubakk, T. S. Neuman,
eds. Physiology and medicine of diving. 5th ed. Saunders,
Cornwall, U.K.
Nishizawa, J., A. Nakai, K. Matsuda, M. Komeda, T. Ban, and
K. Nagata. 1999. Reactive oxygen species play an important
role in the activation of heat shock factor 1 in
ischemic-reperfused heart. Circulation 99:934–941.
Omland, T., J. A. de Lemos, M. S. Sabatine, C. A. Christophi,
M. M. Rice, K. A. Jablonski, et al. 2009. A sensitive cardiac
troponin T assay in stable coronary artery disease. N. Engl.
J. Med. 361:2538–2547.
Ousman, S. S., B. H. Tomooka, J. M. van Noort,
E. F. Wawrousek, K. C. O’connor, D. A. Hafler, et al. 2007.
Protective and therapeutic role for alphaB-crystallin in
autoimmune demyelination. Nature 448:474–479.
Pendergast, D. R., and C. E. Lundgren. 2009. The underwater
environment: cardiopulmonary, thermal, and energetic
demands. J. Appl. Physiol. 106:276–283.
Schroeder, A., O. Mueller, S. Stocker, R. Salowsky, M. Leiber,
M. Gassmann, et al. 2006. The RIN: an RNA integrity
number for assigning integrity values to RNA
measurements. BMC Mol. Biol. 7:3.
Stepanek, J., and J. T. Webb. 2008. Physiology of
decompressive stress. Pp. 46–82 in J. R. Davis, R. Johnson,
J. Stepanek, J. A. Fogarty, eds. Fundamentals of aerospace
medicine. 4th ed. Lippincott Williams & Wilkins,
Philadelphia, PA.
Thom, S. R. 2009. Oxidative stress is fundamental to
hyperbaric oxygen therapy. J. Appl. Physiol. 106:988–995.
Thygesen, K., J. S. Alpert, A. S. Jaffe, M. L. Simoons,
B. R. Chaitman, H. D. White, et al. 2012. Third universal
definition of myocardial infarction. Circulation 126:2020–2035.
Tibbles, P. M., and J. S. Edelsberg. 1996. Hyperbaric-oxygen
therapy. N. Engl. J. Med. 334:1642–1648.
Valic, Z., D. Duplancic, D. Bakovic, V. Ivancev, D. Eterovic,
U. Wisloff, et al. 2005. Diving-induced venous gas emboli
do not increase pulmonary artery pressure. Int. J. Sports
Med. 26:626–631.
Vann, R. D., F. K. Butler, S. J. Mitchell, and R. E. Moon.
2011. Decompression illness. Lancet 377:153–164.
Vik, A., A. O. Brubakk, T. R. Hennessy, B. M. Jenssen,
M. Ekker, and S. A. Slordahl. 1990. Venous air embolism in
swine: transport of gas bubbles through the pulmonary
circulation. J. Appl. Physiol. 69:237–244.
Whittaker, R., M. S. Glassy, N. Gude, M. A. Sussman,
R. A. Gottlieb, and C. C. Glembotski. 2009. Kinetics of the
translocation and phosphorylation of alphaB-crystallin in
mouse heart mitochondria during ex vivo ischemia. Am.
J. Physiol. Heart Circ. Physiol. 296:H1633–H1642.
Wisloff, U., and A. O. Brubakk. 2001. Aerobic endurance
training reduces bubble formation and increases survival in
rats exposed to hyperbaric pressure. J. Physiol. 537:607–611.
Wisloff, U., R. S. Richardson, and A. O. Brubakk. 2004.
Exercise and nitric oxide prevent bubble formation: a novel
approach to the prevention of decompression sickness?
J. Physiol. 555:825–829.
Yellon, D. M., and J. M. Downey. 2003. Preconditioning the
myocardium: from cellular physiology to clinical cardiology.
Physiol. Rev. 83:1113–1151.
Yogaratnam, J. Z., G. Laden, L. Guvendik, M. Cowen,
A. Cale, and S. Griffin. 2010. Hyperbaric oxygen
preconditioning improves myocardial function, reduces
length of intensive care stay, and limits complications post
coronary artery bypass graft surgery. Cardiovasc. Revasc.
Med. 11:8–19.
ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.
2013 | Vol. 1 | Iss. 6 | e00169
Page 9
A. Jørgensen et al. HBO-PC Prevents Gas Emboli-induced Cardiac Injury
